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Hematopoietic stem cells (HSCs) emerge during embryogenesis and maintain hematopoiesis 
in the adult organism. Little is known about the embryonic development of human HSCs. 
We demonstrate that human HSCs emerge first in the aorta-gonad-mesonephros (AGM) 
region, specifically in the dorsal aorta, and only later appear in the yolk sac, liver, and 
placenta. AGM region cells transplanted into immunodeficient mice provide long-term high 
level multilineage hematopoietic repopulation. Human AGM region HSCs, although present 
in low numbers, exhibit a very high self-renewal potential. A single HSC derived from the 
AGM region generates at least 300 daughter HSCs in primary recipients, which disseminate 
throughout the entire recipient bone marrow and are retransplantable. These findings highlight 
the vast regenerative potential of the earliest human HSCs and set a new standard for in vitro 
generation of HSCs from pluripotent stem cells for the purpose of regenerative medicine. 



Hematopoietic stem cells (HSCs) are multipo- 
tent stem cells that emerge early during embryo- 
genesis and maintain hematopoiesis throughout 
the entire lifespan of the organism (Dzierzak 
and Speck, 2008; Medvinsky et al, 2011). Al- 
though in various vertebrate species the first 
hematopoietic differentiation occurs in the yolk 
sac (Moore and Metcalf, 1970), a growing body of 
data suggests that the aorta-gonad-mesonephros 
(AGM) region plays a key role in the genera- 
tion of definitive HSCs (Dieterlen-Lievre, 1975; 
Medvinsky et al, 1993; MiiUer et al, 1994; 
Medvinsky and Dzierzak, 1996; de Bruijn et al., 
2002; Zovein et al., 2008; Boisset et al., 2010), 
possibly through hematopoietic transition of 
endothelial cells of the dorsal aorta, which has 
been most clearly shown in zebrafish (Bertrand 
et al., 2010; Kissa and Herbomel, 2010). The 
mouse AGM region is capable of autonomous 
initiation and expansion of HSCs (Medvinsky 
and Dzierzak, 1996; Cumano et al., 2001; 
Taoudi et al., 2008). The early umbilical cord 
and the placenta are also implicated in HSC 
development (de Bruijn et al., 2000; Gekas et al., 
2005; Ottersbach and Dzierzak, 2005; Robin 
et al., 2009). In the mouse embryo, the first 
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definitive HSCs are detected at approximately 
the same time in different tissues (MiiUer et al., 
1994; de Bruijn et al, 2000; Kuniaravelu et al., 
2002; Gekas et al., 2005; Ottersbach and 
Dzierzak, 2005), thus their primary origin re- 
mains debatable (Medvinsky et al., 2011). 

Quahtative and quantitative assessment of 
HSCs can only be performed functionally using 
in vivo limiting dilution long-term repopula- 
tion assays (Szilvassy et al., 1990). Although 
human HSCs have been extensively studied in 
fetal, neonatal, and adult sources by transplant- 
ation into immunodeficient mice (Larochelle 
et al, 1996; Conneally et al, 1997; Wang et al., 
1997), at early embryonic stages HSCs were 
assayed only in the liver (Oberlin et al., 2010) 
and the placenta (Robin et al., 2009). To date, 
hematopoiesis in the AGM region and the yolk 
sac has been characterized only by immuno- 
histological methods and in vitro assays (Taviaii 
et al, 1996, 1999, 2001; Oberhn et al, 2002). 
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It is thought that HSCs mature in intraaortic cell clusters 
budding from the ventral wall of the dorsal aorta (Tavian et al., 
1996, 1999; Jaffredo et al, 1998; Taoudi et al., 2008; Yokonuzo 
and Dzierzak, 2010). The maturation of HSCs also occurs in 
deeper layers of the dorsal aorta (Rybtsov et al., 2011). 

In this study, we describe spatiotemporal distribution of 
HSCs in the early human embryo and provide evidence that 
the AGM region is the first generator of highly potent HSCs 
in the human. Upon transplantation into immunodeficient 
mice, HSCs derived from the AGM region extensively prop- 
agate, migrate to different bones throughout the recipient, 
and provide progressively increasing long-term multilineage 
hematopoietic repopulation of the host animal with robust 
potential for retransplantation. Our study reveals that the first 
human HSCs possess an unprecedented self-renewal capacity. 
A better understanding of embryonic development of human 
HSCs may be instrumental for creating clinically relevant 
protocols for the production of HSCs from human embry- 
onic and induced pluripotent stem cells (Kaufman, 2009). 

RESULTS 

Spatiotemporal distribution of HSCs in the early 
human embryo 

AGM regions, yolk sacs, livers, umbilical cords, and placentas 
were obtained from human embryos between Carnegie stages 
(CSs) 12 and 17 (O'RahiUy and Miiller, 1987). CeU suspen- 
sions prepared from these tissues were transplanted into irra- 
diated NOD.Cg-Prkdd"'' I12rg'"'"^J'/Sz (NSG) mice (Shultz 
et al., 2005) within 3—4 h of termination of pregnancy. Cells 
from each individual tissue were split equally between two to 
four NSG recipient mice. In 27 independent experiments, 
HSCs were detected in 10 AGM regions and 3 yolk sacs by 
their capacity to provide human long-term (4—8 mo) multi- 
lineage hematopoietic repopulation and by their retransplant- 
ability into secondary recipients (Table I). In CS 14 and 15 
human embryos, HSCs were detected exclusively in the AGM 
region (5 embryos). At CS 16 and 17, HSCs were found 
either solely in the AGM region (2 embryos) or both in the 



AGM region and the yolk sac (3 embryos). Thus, HSCs appear 
in the human AGM region at least 5 d earher than in the yolk 
sac (Table I). 

Out of 26 transplanted livers, none contained HSCs; 
however, two provided unihneage T cell engraftment (Table I 
and not depicted). In one case, exclusive T cell engraftment 
was also observed in a recipient of an AGM region (Table I 
and not depicted). In these three cases, human T cell contri- 
bution increased during the first 4—6 mo, and then decreased 
on a similar timescale (not depicted). Umbilical cords and 
placentas contained no HSCs at all stages tested (Table I). 

Short tandem repeat (STR) analysis (Cotton et al., 2000) 
confirmed that the human cells detected in NSG recipient 
mice repopulated by AGM region, yolk sac, and liver cells 
originated from the donor embryo, with no evidence of 
contamination by maternal cells (Tables SI— S4). 

The dorsal aorta is the source of HSC activity 
within the human AGM region 

In the mouse embryo, definitive HSCs first appear in the 
dorsal aorta (de Bruijn et al., 2000; Taoudi and Medvinsky, 
2007). We tested whether this is true for the human embryo. 
For these experiments, we used human embryos between CS 
15 and 17. The human AGM region was subdissected into 
the dorsal aorta and the urogenital ridges, as previously 
described for the mouse AGM region (de Bruijn et al., 2000; 
Taoudi and Medvinsky, 2007). CeU suspensions prepared 
from these tissues were transplanted into irradiated NSG 
recipient mice. In 10 independent experiments performed, 
HSCs were detected in six dorsal aortas, but never in the 
urogenital ridges (see Materials and methods). 

High-level hematopoietic repopulation by early 
embryonic HSCs 

In NSG mice engrafted with human HSCs from the AGM 
region and the yolk sac, donor CD45^ hematopoietic cells 
first became detectable in the peripheral blood of recipients 
1.5—3 mo after transplantation, with donor cell levels reaching 



Table I. The first HSCs in tine human embryo emerge in the AGM region 

Carnegie stage (days) Embryonic tissues transplanted 



AGM region Yoll< sac Liver Umbilical cord Placentas 



12 (26) 


0/2 


0/2 


0/2 


NA 


r/2 


13 (28) 


0/2 


NA 


0/1 


NA 


1^/2 


14(32) 


1'/7 


0/7 


0/7 


0/4 


2^/7 


15 (33) 


4=/5 


0/3 


0/5 


0/4 


Vl2 


16 (37) 


2'+ 1'>/6 


1»/4 


0/6 


0/6 


Vl3 


17 (41) 


3=/5 


2»/4 


2i>/5 


0/3 


1^/3 


Total 


10=+ 1^/27 


3»/20 


2i>/26 


0/17 


7^/19 



Cell suspensions prepared from AGM regions, yolk sacs, livers, umbilical cords, and placenta obtained from CS 12-17 human embryos were individually transplanted into 
irradiated MSG mice. Data shown are the number of tissues that gave human hematopoietic repopulation compared to the total number of tissues transplanted. The numbers 
in parentheses indicate an approximate postovulatory gestational age in days accepted for each CS (O'Rahilly and Muller, 1987). NA, not assessed. 
'^Long-term embryonic multilineage repopulation. 
''Long-term embryonic unilineage T cell repopulation. 
■'Transient maternal unilineage T cell repopulation. 
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Figure 1. Human AGM region-derived 
HSCs provide progressive growth of hemato- 
poietic contribution in NSG mice. 

(A) Representative flow cytometry plots show 
hematopoietic cells in the peripheral blood 
and BM of an NSG mouse transplanted with 
0.33 e.e. of AGM region cells. In this case, the 
AGM region was obtained from a CS 16 embryo. 
The repopulation kinetics was monitored for 
8 mo. hCD45, human CD45. (B) Human 
hematopoietic engraftment kinetics in the 
peripheral blood of 10 NSG recipient mice 
transplanted with human AGM region or yolk 
sac cells. The numbers at the end of the time 
series correspond to the recipient identifica- 
tion numbers in Table II. 

repopulation in the peripheral blood 
by month 8 after transplantation (Notta 
etal, 2011). 



^0.2% on average (range, 0.06-0.54%; n = 13) of total blood 
leukocytes. In all except one case, the percentage of human 
leukocytes in the peripheral blood progressively increased 
and reached up to 90% of total blood leukocytes by 8 mo 
after transplantation (Fig. 1 and Table II). By the end of the 
obsei'vation period (4—8 mo), on average ^40% (range, 7—90%); 
n = 10) of leukocytes in the recipient peripheral blood 
were of human origin (Fig. 1 and Table II). In the BM, the per- 
centage of human CD45* cells was higher than in peripheral 
blood, reaching on average '^70% (range, 42—94%; n = 7) 
of total BM leukocytes (Table II). Previous studies have 
shown that transplantation of many human umbilical cord 
blood (UCB) or adult BM HSCs into immunodeficient 
mice results in blood chimerism that is <50% at 10 wk and 
frequently decreases after several months (Cashman et al., 
1997; Ishikawa et al., 2005; Lm et al., 2010). However, 
recent experiments have shown that 10—20 UCB HSCs per 
one NSG recipient mouse are able to provide up to 40% 



Multlllneage differentiation potential of early 
embryonic HSCs 

Human niultilineage hematopoietic engraftment with AGM 
region and yolk sac cells was biased toward lymphopoiesis, 
dominated by B cells (CD19^; Table III). Approximately one- 
third of human B cells in the recipient BM passed the pre— B 
cell stage, as indicated by the IgM expression on the cell sui'face. 
In the spleen, the proportion of human CD19^1gM^ cells 
was twice as high as in the BM, and in the peripheral blood 
almost all human B cells were IgM^, replicating normal B cell 
development (Fig. 2 A). Human T cells (CD3^) were also 
represented. Double-positive CD4^CD8^ cells prevailed in 
the thymus, and the peripheral blood contained mainly 
smgle-positive CD4+CD8" and CD8+CD4" T cells, which 
is indicative of nomial intrathymic maturation of human T cells 
(Fig. 2 B and Table III). Almost all human T cells in the pe- 
ripheral blood of recipient animals expressed aP TCRs, as is 
observed in human peripheral blood. Only ^1% of T cells 



Table II. High level hematopoietic repopulation by a single early embryonic HSC 



Recipient no. 


Tissues 


Time after 


Human CD45+ cells 


Human CD45* cells 


Human CD45+ cells 




transplanted 


transplantation 


in the recipient blood 


in the recipient BM 


in the recipient spleen 






mo 


% 


% 


% 


1 


AGM region 


4 


29 


42 


4 


2 


AGM region 


4 


9 


NA 


NA 


3 


AGM region 


4 


24 


45 


31 


4 


AGM region 


7 


39 


86 


87 


5 


AGM region 


7 


73 


93 


93 


6 


AGM region 


7 


22 


71 


75 


7 


AGM region 


8 


90 


94 


96 


8 


Yolk sac 


4.5 


7 


NA 


NA 


9 


Yolk sac 


7.5 


56 


NA 


NA 


10 


Yolk sac 


7.5 


34 


79 


87 



NSG mice transplanted with HSCs derived from the human AGM region or yolk sac were observed for 4-8 mo. At the end of each experiment, the percentage of human 0045* 
cells in the recipient peripheral blood, BM, and spleen was assessed by flow cytometry. NA, not assessed as the recipients died. 
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expressed 78 TCRs (Fig. 2 C). Additionally, human AGM 
region— and yolk sac— derived HSCs produced CD94^CD3^ 
NK cells and CD94+CD3+ NKT cells at low frequencies 
(Fig. 2 D and Table III). 

The percentage of human CD33* myeloid cells in the re- 
cipient peripheral blood and spleen was ^20—25 times lower 
than that of human lymphoid cells; however, the recipient BM 
contained on average 30% (range, 13—70; 11 = 7) human granu- 
locytes (CD33+CD66b+) and monocytes (CD33+CD14+; 
Fig. 2 E and Table III). Megakaryocytic lineage was also 
readily detectable by appearance of human FSC-H'°^CD41a^ 
platelets in the recipient peripheral blood (Fig. 2 F). The re- 
cipientBM contained '^8% human erythroid cells (CD235a^), 
of which one third coexpressed CD45, indicating their 
immature state (Fig. 2 G). 

Additionally, the BM of engrafted recipients plated into 
methylceUulose medium supplemented with human cytokines 
gave rise to human erythroid colonies (burst-forming units- 
erythroid [BFU-E]; Fig. 2 H and Table IV), myeloid colonies 
(colony-forming units-myeloid [CFU-Myeloid] ; Table IV), 
and mixed erythromyeloid colonies (CFU-Mix; Fig. 2 I and 
Table IV). The human origin of hematopoietic colonies was 
confinned by flow cytometry analysis (not depicted). 

Early embryonic HSCs can be efficiently retransplanted 

We tested whether HSCs derived from the human AGM 
region and yolk sac can be serially transplanted. In all eight 
experiments with the AGM region and two experiments with 
the yolk sac, transplantation of BM from primary recipients 
into secondary recipients resulted in sustainable human long- 
term multihneage hematopoietic engraftment (Fig. 3). In con- 
trast, secondary BM transplantations from aU three recipients 
exhibiting long-term unilineage T cell repopulation were 
unsuccessfiil. This indicates that HSCs colonize the human 
embryonic liver after CS 17. T cell— restricted repopulation 
may originate either from previously undescribed long-temi 
persisting embryonic T cell progenitors or from human 



counterparts of mouse lymphopoiesis-biased 7 and 8 subtypes 
of long-term repopulating hematopoietic cells, which show 
no capacity for retransplantion (Dykstra et al., 2007). 

Extensive amplification of early embryonic HSCs 
in primary recipients 

Because one HSC can efficiently restore heniatopoiesis in 
vivo (Osawa et al., 1996; Notta et al., 2011), the frequency 
of HSCs can be estimated using a limiting dilution assay 
(Szilvassy et al., 1990). In 9 out of 10 experiments transplant- 
ing human AGM region cells into two to four NSG mice, 
one recipient per experiment was found engrafted with human 
hematopoietic cells. Both recipients were repopulated in only 
one experiment (not depicted). To estimate HSC numbers, 
we used software for small numbers of replicates and nonhn- 
ear situations (Hu and Smyth, 2009). Our data fit the single- 
hit Poisson model (x^ = 0.108; P = 0.742), demonstrating 
consistency between all 10 experiments performed with the 
AGM regions containing HSCs. The model calculations 
showed that one human AGM region contains ^1.9 HSCs 
(95% CI, 1.0-3.3; Fig. 4 A). If aU 23 CS 14-17 AGM regions 
are considered (including nonrepopulating ones), the fre- 
quency of HSCs is ^0.8 per one human AGM region, which 
is close to the number of definitive HSCs in the mouse AGM 
region (Kumaravelu et al., 2002). 

Statistically, human hematopoietic repopulation in each 
engrafted NSG mouse must have arisen mainly from one human 
HSC. The progressive growth in levels of repopulation with 
human hematopoietic cells (Fig. 1) may either be the result of 
gradual enhancement of productivity of this one HSC or, 
alternatively, the result of amplification of HSC numbers in 
recipients. To address this issue, the BM of engrafted primary 
recipients was harvested 4—8 1110 after transplantation in five 
independent experiments. BM from an individual recipient 
was transferred into 6—15 secondary recipients. In these ex- 
periments, 41 out of 44 secondary recipients transplanted were 
found engrafted with human HSCs. Because each primary 



Table 



Multilineage hematopoietic engraftment in primary recipient mice 



Recipient 
no. 



Blood 



BM 



Spleen 



Thymus 



NK Myeloid 



NK Myeloid 



B T NK Myeloid CD4-CD8- CD4+CD8+ CD4+CD8- CD8+CD4- 



% in gated human CD45+ cells 



1 


44 


39 


NA 


11 


48 


19 


NA 


30 


78 


12 


NA 


9 


NA 


NA 


NA 


NA 


2 


67 


23 


3 


4 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


3 


19 


65 


5 


11 


16 


42 


1 


38 


29 


56 


1 


15 


1 


68 


25 


6 


4 


77 


5 


4 


12 


51 


0.1 


0.2 


45 


87 


1 


1 


9 


2 


84 


10 


4 


5 


75 


19 


2 


4 


62 


1 


0.3 


37 


90 


7 


0.7 


2 


3 


80 


13 


4 


6 


56 


25 


9 


9 


61 


19 


1 


20 


82 


4 


3 


14 


2 


85 


9 


4 


7 


17 


36 


31 


18 


20 


4 


1.5 


74 


41 


39 


11 


11 


NA 


NA 


NA 


NA 


8 


59 


22 


NA 


15 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


9 


63 


19 


NA 


14 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


NA 


10 


26 


60 


9 


6 


42 


12 


2 


43 


46 


41 


7 


7 


2 


69 


22 


7 



Data shown are the percentage of B (CD19+), T (CD3+ or CD4+CD8+, CD4+CD8-, and CD8+CD4-), NK (CD94+CD3-), and myeloid cells (CD33+ or CD13i in the human CD45+ 
cell population in the peripheral blood, BM, spleen, and thymus of NSG mice transplanted with AGM region and yolk sac cells. The recipient identification numbers are the 
same as in Table II. NA, not assessed. 
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recipient was engrafted with approximately one human HSC, 
these resuks suggest that human HSCs propagated in pri- 
mary recipients. 

We considered an alternative possibility that the human 
AGM region contained some HSCs that remained dormant 
in primary recipients but could be activated upon secondary 
transplantations. To test this, we selected nonrepopulated 



Blood 




hCD19-PE 



Thymus 



Blood 



C Blood 



13.0% 


80.1% 






2.7%-'l 





D Blood 





1.9% 


0.3% 


ill 


V ".'jM. 


% 






1.0% 


0.8% 


4.7% 


93.5% 



ha3 TCR-FITC 
BM 



jO.1% 


3.9% 


fS%lB 


^3?Il9.9% 






Figure 2. Human AGM region-derived HSCs provide long-term 
multilineage Piematopoietic engraftment. Representative flow cytom- 
etry plots show human B cells (A), T cells (B and C), NK and NKT cells (D), 
granulocytes and monocytes (E), platelets (F), and erythroid cells (G) in the 
peripheral blood, BM, spleen, and/or thymus of an NSG mouse 7 mo after 
it was transplanted with 0.5 e.e. of AGM region cells. In this case, the 
AGM region was obtained from a CS 17 embryo. Note that the staining 
for CD4 and CDS is shown in gated human CD45+ cells, and for ICRs in 
gated human CD3+ cells. Plating BM of the same recipient into methyl- 
cellulose medium supplemented with human cytokines resulted in the 
formation of human erythroid colonies (BFU-Es; H) and mixed erythromy- 
eloid colonies (CPU-Mix; I). Bars, 0.5 mm. 



primary recipients (Fig. 5 A, mice a and b) from five inde- 
pendent experiments in which at least one recipient was 
engrafted with AGM region cells (Fig. 5 A, mouse c). The 
entire BM from two coxal bones, two femurs, and two tibiae 
was collected from these nonrepopulated primaiy recipients 
and transferred into secondary recipients. None of secondary 
recipients showed human hematopoietic engraftment, con- 
firming that the AGM region contained only one or two HSCs. 
Secondary transplantations of BM fi-om nonengrafted recipi- 
ents transplanted with yolk sac, liver, umbilical cord, and 
placental cells were also unsuccessful (two to five indepen- 
dent experiments were performed for each tissue). 

To estimate the number of daughter HSCs generated in 
primary recipients by a single HSC derived from the AGM 
region, we performed two independent secondary transplan- 
tation experiments using the limiting dilution assay. The BM 
fioni successfuUy engrafted primary recipients was harvested 
from the sternum, humeri, ulnae, radii, coxal bones, femurs, 
and tibiae, and then pooled and transplanted in serial dilu- 
tions into secondary recipients. In experiment 1, the lowest 
dose transplanted per secondary recipient was 1/75 of total 
BM from primary recipient. All secondary recipients showed 
human long-term multilineage kematopoietic engraftment. 
In experiment 2, tke transplanted dose was decreased furtker 
to 1/300 of total BM per recipient. Again, all secondary 
recipients skowed kunian long-term multilineage kemato- 
poietic repopulation (Fig. 4 B). However, in NSG mice 
transplanted witk tke lowest BM dose tke level of kunian 
contribution, as determined in tke peripkeral blood 2 mo 
after transplantation, was <3%. Although we did not reach 
the limiting dose, we were close to the extinction of HSC 
activity. Human HSCs were also detected in spleens of primary 
recipients (Fig. 4 C). Thus, one HSC from the human AGM 
region is capable of generating at least 300 daughter HSCs 
upon transplantation. Previous studies have demonstrated a 



Table IV. Human CFU-C frequency in the BM of primary 


recipient mice 






Recipient no. Human CFU-C no. per 10,000 input BM nucleated cells 


BFU-E 


CFU-Myeloid 


CFU-Mix 


1 2.3 ± 0.6 


13.0 ± 3.8 


2.5 ± 0.4 


2 NA 


NA 


NA 


3 8.7 ±1.5 


34.7 ±11.2 


1.7 ± 0.6 


4 7.6 ±1.4 


26.1 ± 4.0 


1.7 ± 0.2 


5 5.0 ±1.4 


31.0 ± 1.4 


0.5 ± 0.7 


6 6.3 ± 0.1 


16.3 ± 0.4 


1.6 ± 0.3 


7 6.5 ± 0.7 


33.0 ± 4.2 


1.5 ± 0.7 


8 NA 


NA 


NA 


9 NA 


NA 


NA 


10 5.6 ±0.6 


1 5.4 ± 2.0 


1.8 ± 0.3 



Data shown are the number + SD of human CFU-Cs per 10,000 input BM nucleated 
cells. The BM was obtained from NSG mice transplanted with AGM region and yolk 
sac cells. The recipient identification numbers are the same as in Table II. NA, not 
assessed, as the recipients died. 
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very limited self-renewal capacity by HSCs from the human 
UCB and adult BM (Guenechea et al, 2001; McKenzie et 
al., 2006; Liu et al., 2010). Although the microenvironment 
in immunodeficient mice is not optimal for the homeostatic 
expansion of human HSCs (Manz, 2007), human AGM re- 
gion—derived HSCs extensively self-renew and amplify in 
these suboptimal conditions, suggesting that their expansion 
potential in physiological conditions is likely to be higher. 

Extensive dissemination of daughter HSCs 
in primary recipients 

The engraftment of one or two HSCs from the early human 
embryo results in considerable amplification of the HSC 
pool. We then tested if daughter HSCs stay at one site where 
the lodging of the parental HSC had occurred or if they mi- 
grate and disseminate throughout the recipient BM. We used 
two primary recipients repopulated with different AGM 
regions. We hai'vested BM from each recipient from the fol- 
lowing six bones: two coxal bones, two femurs, and two tibiae 
(Fig. 5 A, mouse c). BM cell suspensions from each bone were 
transplanted separately into secondary recipients (Fig. 5 A, 
mice 1—6). In experiment 1, all secondary recipients showed 
human long-term multilineage hematopoietic engraftment 
(Fig. 5 B). Consistent with this, in experiment 2, all secondary 
recipients except one were repopulated with human hemato- 
poietic cells. Thus, daughter HSCs generated by one or two 
human AGM region-derived HSCs disseminate broadly 
throughout the entire recipient BM. 

Daugliter HSCs are of tlie canonical phenotype 

Using conventional FACS, it is not technically feasible to 
determine the immunophenotype of one or two HSCs 



A Blood, 7 months 



Blood, 7 months 



Blood, 7 months 




0.1% 


22.1% 


42.0% 


**Ik35.8% 






B BM, 7 months 



hCD45-FlTC 
BM, 7 months 



BM, 7 months 



0.0% 


8.9% 




■.■■■?^^7.0% 





hCD45-FITC 

Figure 3. Human AGM region-derived HSCs provide long-term 
multilineage hematopoietic engraftment upon retransplantation 
into secondary recipients. Representative flow cytometry plots show 
human B (CD19+), T (CD3+), and myeloid cells (CD33+) in the peripheral 
blood (A) and BM (B) of an NSG mouse transplanted with BM from a pri- 
mary recipient engrafted with HSCs from a CS 1 5 AGM region. Secondary 
transplantation was performed 7 mo after primary transplantation. The 
analysis of secondary recipients was performed 7 mo later. Eight indepen- 
dent secondary transplantation experiments were performed. 



present in one human AGM region. However, robust am- 
plification of early embryonic HSCs in primary recipients 
allowed us to determine the immunophenotype of daughter 
HSCs. The BM harvested from the sternum, humeri, ulnae. 
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Figure 4. Extensive amplification of human AGM region-derived 
HSCs in primary recipients. (A) Results of 10 independent experiments 
in which HSCs were detected in AGM regions are plotted as the natural 
logarithm of the fraction of nonengrafted mice versus the dose of donor 
tissues (e.e. per recipient) transplanted in each experiment. The solid line 
shows the mean value. The dotted lines indicate 95°/o confidence interval. 
The data value with zero negative response (two out of two recipients 
were found engrafted with human HSCs) is represented by a down-pointing 
triangle. (B and C) 8 mo after transplantation, BM (B) and spleen (C) from 
a primary recipient repopulated with a single HSC from the AGM region 
of a CS 16 embryo were harvested and transplanted into secondan/ 
recipients (two independent experiments). Peripheral blood of secondary 
recipients was analyzed for human CD45+ cell contribution 2 mo after 
transplantation. The ratios below the charts indicate the fraction of total 
BM or spleen transplanted per recipient. 



2422 



Highly potent human HSCs | Ivanovs et al. 



Article 



radii, coxal bones, femurs, and tibiae of primary recipients 
engrafted with a single HSC from the human AGM region 
was sorted into four cell populations based on expression of 
human CD34 and CD38 antigens, and then transplanted 
into secondary recipients (Fig. 6 A). In two independent 
experiments, human HSCs were found exclusively within 
CD34+CD38-'i° cell fraction (Fig. 6 B). Thus, HSCs derived 
from the early human embryo generate numerous HSCs 
of the canonical phenotype (Bhatia et al., 1997; McKenzie 
et al, 2006). 

The human placenta develops HSCs later 
than the AGM region 

In 19 independent experiments, we transplanted irradiated 
NSG mice with CS 12—17 placental cells and observed no 
long-term multilineage engraftnieiit upon transplantation. 
Instead, in seven cases, placenta provided transient unilineage 
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T cell repopulation of maternal origin (Table I, Table S5, and 
not depicted). The placenta contains maternal blood, and 
T cells from human blood can readily expand in immuno- 
deficient mice (van Rijn et al., 2003). An older 15-wk-old 
placenta readily provided long-term multilineage hematopoi- 
etic repopulation of fetal origin in all three recipients (each 
received ^1/30 of total placental cells; Table S6 and not de- 
picted). Thus, in contrast to the early CS 12—17 placenta, 
the midgestation human placenta does possess HSC activity. 
In the mouse embryo, definitive HSCs appear in the pla- 
centa concomitantly with the AGM region (Gekas et al., 
2005; Ottersbach and Dzierzak, 2005). 

DISCUSSION 

Although the embryonic development of HSCs has been 
studied in various vertebrate species (Medvinsky et al., 2011), 
the generation of the first HSCs during human embryogene- 
sis remains a largely unexplored topic. The 
present concept of the embryonic development 
of the human hematopoietic system is primarily 
based on morphological and in vitro studies 
(Tavian et al, 1996, 1999, 2001; Oberhn et al., 
2002). By using functional in vivo long-term 
repopulation assays, we conducted systematic 
analysis of the spatiotemporal distribution of 
HSCs in the early human embryo. We have 
shown that the AGM region, more specifi- 
cally the dorsal aorta, is the first generator of 
HSCs in the human. Interestingly, although in 
the mouse embryo definitive HSCs appear 
concomitantly in the AGM region, yolk sac, 
umbilical cord, and placenta (Miiller et al., 
1994; de Bruijn et al., 2000; Kumaravelu et al., 
2002; Gekas et al., 2005; Ottersbach and 
Dzierzak, 2005), in the human embryo, the tim- 
ing of HSC appearance in these sites is clearly 



Figure 5. Extensive recipient BM colonization 
by daughter HSCs generated from a single AGM 
region-derived HSC. (A) AGM region cells obtained 
from a CS 15 embryo were transplanted into three NSG 
mice (0.33 e.e. per recipient). Only one of the three re- 
cipients showed human hematopoietic repopulation 
(mouse c). We confirmed by secondary transplantation 
that the other two recipients (mice a and b) contained no 
activatable HSCs. To test if the single human HSC that 
repopulated mouse c had generated daughter HSCs 
which could spread across the recipient BM, BM cells 
from two coxal bones, two femurs, and two tibiae were 
harvested and separately transplanted into six secondary 
recipients (mice 1-6). Secondary transplantations were 
performed 4 mo after the primary transplantation. 
(B) Representative flow cytometry plots show human 
hematopoietic repopulation in the peripheral blood of 
the six secondary recipients 3 mo later. Two independent 
experiments were performed. mCD45, mouse CD45. 
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resolved, possibly because of considerably longer develop- 
ment of the human embi-yo. 

Our data indicate that early embryonic HSCs possess a 
considerably higher self-renewal capacity compared with 
UCB and adult BM HSCs (Guenechea et al., 2001; McKenzie 
et al., 2006; Liu et al., 2010). Upon transplantation into 
NSG mice, a single HSC from the human AGM region pro- 
duces at least 300 daughter HSCs during a period of 8 mo; 
this unprecedented self-renewal capacity has not been previ- 
ously described for human or for mouse AGM region— derived 
HSCs. It is likely because of this that the percentage of 
human leukocytes in the recipients' peripheral blood pro- 
gressively increased, reaching up to 90% of total blood leuko- 
cytes. To achieve the same effect with UCB or adult BM, 
considerably higher numbers of HSCs need to be trans- 
planted (Liu et al., 2010). More recent data suggest that 
"^40% blood chimerism can be achieved 8 mo after trans- 
plantation of 10-20 UCB HSCs per one NSG mouse (Notta 
et al, 2011). 
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Figure 6. Daughter human AGM region-derived HSCs in primary 
recipients are 0034+0038""°. (A) 7 mo after primary transplantation, 
BM of NSG mice repopulated witln CS 16 and 17 AGM regions was sorted 
into four cell populations based on expression of human CD34 and CD38 
antigens (two independent experiments). (B) Cells of each sorted popula- 
tion were injected into secondary recipients as indicated, and peripheral 
blood was analyzed 2 mo later. Two independent experiments were per- 
formed. K, multiple of thousand; M, multiple of million. 



Using stochastic analyses, it has been shown that adult 
human HSCs replicate every 40 wk (Catlin et al., 2011). Our 
findings indicate that the extensive expansion of HSCs from 
the early human embryo occurs through replication every 
3.5—4 wk or even more frequently, considering that HSCs 
also produce mature blood cells. This enormous regenerative 
capacity of early HSCs is consistent with them being found- 
ers of the adult hematopoietic system in the human. 

We have shown that within the human AGM region 
HSCs emerge in the dorsal aorta. According to current views, 
it is possible that HSCs emerge in intraaortic cell clusters 
budding from the floor of the dorsal aorta (Jaffredo et al., 
1998; Taoudi et al., 2008; Yokoniizo and Dzierzak, 2010). In 
human, formation of such CD34"'"CD45"*' cell clusters occurs 
between CS 12 and 16 (Tavian et al, 1996, 1999). Using 
limiting dilution analysis, we have shown that one human 
AGM region contains between one and three HSCs; how- 
ever, the number of intraaortic cell clusters is much higher 
(Tavian et al., 1996, 1999), suggesting that not evei"y cluster 
contains HSCs. Furthermore, although HSCs are still de- 
tected at CS 17, intraaortic cell clusters are reported to 
disappear by that stage (Tavian et al., 1996, 1999), indicat- 
ing that the link between HSCs and hematopoietic cell 
clusters needs to be elucidated further. Notably, the matu- 
ration of definitive HSCs in the mouse embryo also occurs 
underneath the luminal layer of the dorsal aorta (Rybtsov 
et al., 2011). 

As expected, HSC activity in the AGM region precedes 
that in the liver, which emerges there only after CS 17. Our 
data highlight the importance of in vivo long-term repopula- 
tion assays, as previous immunohistological and in vitro stud- 
ies have suggested that HSCs appear in the human embryonic 
hver around CS 13 (Tavian et al., 1999). Recent transplanta- 
tion experiments have shown that HSCs colonize the human 
embryonic liver around week 7—8 of development, which 
follows the stages we studied (Oberlin et al., 2010). 

We demonstrate that in the human, in contrast to the 
mouse (Gekas et al., 2005; Ottersbach and Dzierzak, 2005), 
placenta acquires HSC activity long after the emergence of 
HSCs in the AGM region, indicating that in the human, 
placenta might be a secondary site for HSCs. Our data vary 
from a recent study's observation that the human placenta 
harbors HSCs from week 6 of development (as postmen- 
stmal gestational age was employed, it is comparable with CS 12 
or 13; Robin et al., 2009). In that study, NOD.CB17- 
Prkdc""' (NOD/SCID) recipient mice, which are less recep- 
tive to human HSCs than NSG mice (McDermott et al., 
2010), were used. The authors used a highly sensitive PGR 
analysis to detect repopulation with 6— 8-wk-old placenta, 
identifying one human cell in 100,000 mouse cells. In the 
absence of flow cytometry analysis, a persistence of small num- 
bers of some placenta-derived nonheniatopoietic cells in re- 
cipients could not be excluded. However, the presence of 
multipotent HSCs in the placenta was convincingly shown 
by flow cytometry starting from week 9 of development 
(Rohm et al., 2009). 
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In suimnary, we provide a systematic spatiotemporal pic- 
ture of HSC emergence in the early human embryo and iden- 
tify the AGM region as the primary source of HSCs with 
unprecedented self-renewal capacity. Future comparative stud- 
ies of early human embryonic HSCs and their fetal, neonatal, 
and adult counterparts may shed light on the mechanisms of 
HSC self-renewal and aging. 

MATERIALS AND METHODS 

Human embryonic and fetal tissues. Human embryonic and fetal tissues 
were obtained immediately after elective termination of pregnancy. The 
procedure was perfomied using mifepristone and misoprostol. The study was 
approved by the Lothian Research Ethics Committee. Each patient gave in- 
formed consent in writing. The developmental stage of human embryos was 
determined according to the Carnegie staging system (O'Rahilly and Miiller, 
1987). The postmenstrual gestational age of human fetuses was determined 
using medical ultrasonography. Tissue dissection was performed in buffer 1 
(PBS with Ca^"^ and Mg^"^ [Sigma-Aldrich] supplemented with 7% heat- 
inactivated PBS [PAA Laboratories], 100 lU/ml of penicillin [Invitrogen] , 
and 100 p.g/ml of streptomycin [Invitrogen]). The dissection procedure was 
similar to that previously described for the mouse embryo (Medvinsky et al., 

2008) . For the enzymatic treatment of the human AGM region, yolk sac, 
liver, and umbilical cord, 1 mg/ml of coUagenase/dispase (Roche), and 
0.12 mg/ml of DNase I (Roche) were added to buffer 1 and incubated at 
37°C for 40 min. For the enzymatic treatment of placental tissue, two previ- 
ously published protocols were employed (Barcena et al., 2009; Robin et al., 

2009) . In the majority of experiments with the human placenta, we omitted 
the Ficoll-Paque density gradient separation step to minimize cell losses. By the 
end of enzymatic treatment, tissue digests were washed with buffer 2 which, 
compared with buffer 1, was made with Ca-"^ and Mg^"^-free PBS. For prep- 
aration of placental cells, in contrast to other tissues, 2 niM of EDTA was 
added to this buffer. After the first wash with buffer 2, tissue digests were 
pipetted gently to prepare a single-cell suspension. Human AGM region, 
yolk sac, liver, and umbilical cord cells were washed an additional time with 
buffer 2. Placental cells were passed through a 40-)j.m nylon cell strainer (BD) 
and washed four more times. Finally, cells were resuspended in buffer 2 and 
kept on ice until transplantation. Throughout the manuscript "independent" 
refers to those experiments performed with different human embryos. 

Long-term repopulation assays. NSG mice were used as recipients for 
human HSCs. Animals were housed and bred within the University of 
Edinburgh, Edinburgh, Scotland, UK. Experiments with animals were 
approved by the Animal Welfare Committee of the University of Edinburgh 
and were performed according to the provisions of the Animal (Scientific 
Procedures) Act 1986 under the project license granted by the Home Office. 
All researchers who performed experiments with the mice held personal 
licenses granted by the Home Office. Mice were kept under specific 
pathogen— free conditions. Acidified (pH 3.0) autoclaved water supple- 
mented with 1.67 mg/ml of neomycin (Invitrogen) and 7-irradiated chow 
diet was provided ad Hbitum. Animals were exposed to 14-h light and 10-h 
dark cycle. Up to 6 h before transplantation with human cells, 6— 8-wk-old 
female NSG mice received a sublethal total body irradiation dose of 3.5 Gy 
at a rate of 0.75 Gy/min from a ^■^''Cs source (GSR Dl 7 -irradiator; Gamma- 
Service Medical). Animals were transplanted with cells intravenously via the 
tail vein. The number of transplanted embryonic cells was expressed in embryo 
equivalents (e.e.), defined as a unit of cells equivalent to the number present 
in one tissue. Starting from 6—8 wk after transplantation, NSG mice were 
bled by tail vein nicking every 1—2 mo, and human HSC contribution was 
assessed by flow cytometry analysis after labeling cells with anti— human CD45 
antibody. At the end of each experiment (usually 4—8 mo after transplanta- 
tion), all recipients (including those found nonengrafted after peripheral 
blood analysis) were killed by dislocation of the neck according to the 
Schedule 1 of the Animal (Scientific Procedures) Act 1986, and their BM 
was collected. BM cells were labeled with anti— human CD45 antibody, and 



flow cytometry analysis was performed to detect the presence of human 
hematopoietic cells. The peripheral blood, BM, spleen, and thymus of 
engrafted NSG mice were further analyzed by flow cytometry analysis. The 
BM and spleen from primary recipients were used in secondaiy transplanta- 
tion experiments. 

Recipient mouse tissues. To collect recipient mouse tissues, buffer 2 sup- 
plemented with 2 iiiM of EDTA was used. NSG mice transplanted with 
human AGM region, yolk sac, liver, umbihcal cord, placental cells, or BM 
fi-om primary recipients were bled by tail vein nicking, and erythrocytes were 
lysed using Phann Lyse Buffer (BD) according to the manufacturer's instruc- 
tions. To analyze hematopoietic tissues, the spleen, thymus, long bones, 
coxal bones, and sternum were obtained. Spleen and thymus were gently 
mashed in a small volume of the buffer through a 40-[j.m nylon cell strainer. 
The BM was flushed out from the bones, and a single-cell suspension was 
prepared by gentle pipetting. A cell fraction associated with endosteum was 
obtained from remaining bones after treatment with collagenase/dispase and 
DNase I at 37°C for 40 min and added to the flushed-out BM fraction. The 
cells were spun down, resuspended in buffer 2 and kept on ice until trans- 
plantation. To calculate the proportion of total BM transplanted into sec- 
ondary recipients, we used previously reported data on the distribution of 
BM cells in different mouse bones (Boggs, 1984). 

Human CFU-C assay. Human CFU-Cs in the BM of NSG recipient mice 
were detected by plating in triplicates 10,000—25,000 BM nucleated cells in 
the MethoCult H4034 Optimum Medium (StemCell Technologies) 
according to the manufacturer's recommendations. The BM from a non- 
transplanted NSG mouse was used as a negative control. Cells were incu- 
bated at 37°C in 5% CO2 and >95% humidity for 14 d. Hematopoietic colonies 
were enumerated microscopically. Some individual colonies were subject to 
flow cytometry analysis after labeling hematopoietic cells with anti— human 
CD45 and CD235a and anti— mouse CD45 and Terll9 antibodies. 

Antibodies, flow cytometry analysis, and FAGS. The following mouse 
anti— human monoclonal antibodies (all firom BD) were used for flow cytometry 
analysis and/or FACS: CD3-APC, PE, and PerCP (clones SK7 and SP34-2), 
CD4-APC and APC-Cy7 (clone RPA-T4), CD8-PE and PE-Cy7 (clone 
RPA-T8), CDllb-PE-Cy7 (clone ICRF44), CD13-APC (clone WM15), 
CD14-APC and APC-Cy7 (clones M5E2 and M(pP9), CD19-PE (clone 
HIB19), CD33-PE (clone WM53), CD34-APC (clone 8G12), CD38-PE 
(clone HIT2), CD41a-FITC (HIP8), CD45-Biotin, FITC, and V450 (clone 
HBO), CD66b-FITC (clone G10F5), CD94-APC (clone HP-3D9), CD235a- 
APC (clone GA-R2), IgM-Biotin (clone G20-127), TCR-FITC (clone 
WT31), 78 TCR-PE (clone 11F2). Appropriate isotype controls, streptavi- 
din-APC, rat anti-mouse CD45-APC (clone 30-Fll), and Terll9-PE and 
FITC were also purchased fl-om BD. The Human FcR Blocking Reagent 
(Miltenyi Biotec) and anti— mouse CD 16/32 purified monoclonal antibody 
(clone 93; eBioscience) were used to prevent unwanted binding of antibodies to 
Fc receptors. All of the aforementioned antibodies and reagents were used at 
final concentrations recommended by manufacturers or determined by in- 
house titration. Cell labeling and washes were perfomied in Ca^"*" and Mg^'^'-firee 
PBS supplemented with 2% heat-inactivated FBS. For dead cell exclu- 
sion the buffer was supplemented with 1.5 |J.g/ml of 7-amino-actinomycin 
(eBioscience). A FACSCahbur (BD), LSRFortessa (BD), or CyAn ADP 
(Dako) instruments were used for flow cytometry analysis. FACS and postsort 
purity check were performed on a FACSAria II instmment (BD). Sorted cells 
were spun down, resuspended in buffer 2, and kept on ice until transplantation. 
Flow cytometry data were analyzed with Flowjo v7.6.1 software (Tree Star). 

STR analysis. Genomic DNA was extracted from peripheral blood, spleen, 
and/or BM cells obtained firom NSG mice repopulated with human hemato- 
poietic cells and from embryonic or fetal donor tissues. For this, the QIAamp 
DNA Investigator Kit (QIAGEN) and a QIAcube robotic instrument 
(QIAGEN) were used. DNA quantification was performed with the Plexor 
HY System (Promega) and an Mx3500P real-time PGR machine (Stratagene) . 
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DNA quantification values were determined using the Plexor Data Analysis 
Software (Promega). DNA samples and PGR positive and negative controls 
were amplified with the AmpFlSTR SGM Plus PGR Amplification Kit 
(Applied Biosystems). PGR products were detected on a 3130 Genetic Analyzer 
(Applied Biosystems). Handling of raw data and genotyping were performed 
with GeneMapper ID v3.2.1 software (Applied Biosystems). All the reagents 
and instruments listed above were used according to manufacturers' recom- 
mendations. DNA match probabilities were calculated based on allele fre- 
quencies in Scottish Gaucasian population. 

Limiting dilution analysis. Limiting dilution analysis was performed using 
ELDA software (Hu and Smyth, 2009) available at http://bioinfwehi.edu 
. au / so ft ware / elda / . 

Online supplemental material. Tables SI— S6 show STR analysis data 
confirming either embryonic or maternal origin of hematopoietic re- 
population in recipients transplanted with human embryo or placenta- 
derived cells. Online supplemental material is available at http://www.jem 
.org/cgi/content/full/jem.20111688/DGl. 
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